Abandoned management has caused many sites with free-standing, large oaks (Quercus robur) to become more shaded. This study shows how forest regrowth aects beetle species associated with old oaks in south-eastern Sweden. Beetles were trapped by pitfall traps placed in hollows and window traps placed near hollows in oak trunks in pasture woodlands. We assessed the in¯uence of forest regrowth, tree size and original canopy cover on the species richness of saproxylic beetles (a total of 120 species identi®ed) and the occurrence of 68 saproxylic beetle species in particular. Species richness was greatest in stands with large, free-standing trees. Large girth as well as low canopy cover increased frequency of occurrence for several species. Forest regrowth was found to be detrimental for many beetle species. As most localities with endangered beetles living in old oaks are small and isolated, ongoing management and the restoration of abandoned pasture woodlands should have a high priority in nature conservation. #
Introduction
In Europe, old-growth temperate deciduous forests have declined to a very small fraction of their original extent (Hannah et al., 1995) , and this has caused very old trees to be much more scarce. Up until the 19th century, old trees were also widespread in pasture woodlands (Kirby et al., 1995) , but abandoned management and changes of land use have caused a severe reduction of these habitats (e.g. Nilsson, 1997a; Kirby and Watkins, 1998) . Therefore, many species dependent on old deciduous trees have remnant distributions with small, isolated populations (e.g. Harding and Rose, 1986; Speight, 1989) . One such group are beetles that have a restricted dispersal capacity and are dependent on hollow trees (Speight, 1989; McLean and Speight, 1993; Nilsson and Ericson, 1997) .
In Sweden, large oaks (Quercus robur) sustain the most diverse fauna of beetles associated with old trees (Palm, 1959) . The largest oaks (in trunk diameter, not in height) have formerly grown more or less in the open in wooded meadows (mainly used for hay-making) and, more lately, in pasture woodlands (mainly used for grazing) (Eliasson and Nilsson, 2000) . As agriculture has changed drastically in the last few decades, many pasture woodlands have been abandoned (Nilsson, 1997a) , and this has caused the habitats containing sunexposed old trees to decrease, in favour of shadier woods. This might be detrimental to the beetle fauna, since it is generally held among entomologists that beetles associated with old oaks prefer sun-exposed trees (e.g. Palm, 1959; GaÈ rdenfors and Baranowski, 1992) . However, there is a lack of quantitative data to support this view (but see Ranius and Nilsson, 1997; Lott, 1999) .
The present study considers how current management, original canopy cover and tree size aect the frequency of saproxylic beetles in old, hollow oaks. The ®rst aim was to examine how the frequency of occurrence of beetles relates to original canopy cover. We would expect that there are species preferring large, free-standing oaks, but is there also an assemblage of species associated with shadier woods? The second aim was to assess how the beetle fauna is in¯uenced by forest regrowth and whether the beetles are aected in 0006-3207/00/$ -see front matter # 2000 Elsevier Science Ltd. All rights reserved. P I I : S 0 0 0 6 -3 2 0 7 ( 0 0 ) 0 0 0 0 7 -0 Biological Conservation 95 (2000) 85±94 www.elsevier.com/locate/biocon dierent ways depending on which microhabitat they are associated with. The third aim was to study the preference for characteristics of individual trees that could explain the dierence in frequency of occurrence between stands. Are the higher frequencies in stands with large, free-standing trees a result of preference for large girths or for sun-exposure?
2. Study plots, material and methods
Study plots
This study was performed in one of the few remaining landscapes in Northern Europe with a high density of old oaks, which is situated in the province of O È stergoÈ tland, south-eastern Sweden (Antonsson and Wadstein, 1991) . Here, plots were studied in a 12 Â 16 km area with BjaÈ rka-SaÈ by as its centre (15 km south from LinkoÈ ping, 58 16 H N, 15 46 H E). We surveyed the beetle fauna of hollow oaks in 18 plots, each with an area of 0.5±8 ha.
The plots were selected to obtain three groups of six plots diering in original canopy cover. The`original cover' was assessed by measuring the canopy of mature and old trees, i.e. by ignoring the cover produced by young trees that had invaded former open woodland. Thus, six plots contained mainly originally free-standing oaks (vertical coverage of the canopy: 10±30%), another six contained originally half-open pasture woodland (30±70% coverage) and the remaining six contained originally closed pasture woodland (70±90% coverage). Each category was subdivided so that three plots were still aected by grazing while the other three were regrown due to natural regeneration of deciduous trees.
These young deciduous trees were 5±10 m high and mainly in dense stands, even though glades and patches with sparser canopy cover occured frequently. According to the category division above, the plots were characterized by two variables: ORIGINAL CANOPY COVER and FOREST REGROWTH. Moreover, for each tree with traps seven variables were estimated that might in¯uence the results if they correlated with the two variables on the plot level (Table 1) .
Beetle trapping
We set traps in and near hollows of oak trunks to survey saproxylic beetles living in old oaks, especially those associated with wood mould, but other saproxylic beetles associated with old oaks were also studied. Wood mould is fungi-infested loose wood in hollows, often with remains of bird nests and insect fragments.
In each plot, we selected ®ve living oaks with hollow trunks for trapping. The trees were chosen at random among those hollow trees where we were able to set traps. To be suitable for pitfall trapping, the entrance to the hollow had to be wide enough and not more than 7 m from the ground and the wood mould surface not too far from the entrance. In each tree, one pitfall trap and one window trap were set. The pitfall traps were plastic jars with a top diameter of 65 mm, placed with the opening level with the wood mould in the hollows. Each window trap consisted of a 30 Â 40 cm wide transparent plastic plate with a tray underneath. Window traps were placed beside or in front of the entrance of the hollow. Glycol and water was used as preservative in all traps and detergent added to eliminate surface tension. The traps were placed in the trees 6±13 May and removed 8± 16 August in 1994 and were examined every third week. 
Statistical analyses
The number of trees per plot with each species present was studied in relation to ORIGINAL CANOPY COVER and FOREST REGROWTH using analysis of covariance. The total number of species per tree, and for each of the six microhabitat groups were summed for each plot and analyzed similarly. Characteristics of trees with traps were estimated ( Table 1 ) and analysis of their correlation with ORIGINAL CANOPY COVER and FOREST REGROWTH revealed three statistically signi®cant relations: TRUNK DIAMETER was much greater in plots with low ORIGINAL CANOPY COVER (Spearman coecient, C=À0.767, P<0.001), and SURROUNDING COVER increased with increasing ORIGINAL CANOPY COVER (C=0.381, P<0.001) and was higher in plots with FOREST REGROWTH (C=0.326, P=0.002). TRUNK DIA-METER and SURROUNDING COVER may therefore in¯uence the correlation between species occurrence and characteristics of plots. Consequently, the presence (1) and absence (0) of each species were analyzed in relation to these two variables with multiple logistic regression (Hosmer and Lemeshow, 1989) , and number of species in dierent microhabitats per tree were analyzed with multiple linear regression. The correlation between species richness and SURROUND-ING COVER and TRUNK DIAMETER was further explored by comparing the number of species in trees divided into categories varying in these characteristics. Possible dierences in occurrence patterns between redlisted and other species were controlled for by analyzing correlations not only with total number of species, but also with these two groups separately. All statistical analyses were carried out by use of SPSS 6.1.
Weather
The mean temperature was lower than normal in May and June, but higher than normal in July and August (Temperature, May, June, July, August 1994 C, respectively. Data from SMHI, Meteorological station of MalmslaÈ tt, 20 km from BjaÈ rka-SaÈ by).
Results

Species richness
In total, we found and indenti®ed 120 saproxylic beetle species associated with mature or old oaks (Table 2) . Among these species, 40% were on the Swedish red list. The number of identi®ed beetle species per plot (®ve trees) varied between 36 and 58 (mean=47.4, S.D.=7.5) and per tree between 7 and 34 (mean=20.0, S.D.=6.3). We considered that a species must be present in at least ®ve trees out of the 90 in order to analyze its occurrence in particular. This was the case for 68 species (Table 3) , and among these, 41% were on the Swedish red list.
Plot dierences: canopy cover and forest regrowth
The frequency of occurrence of saproxylic beetle species was higher in plots that were originally open (low ORIGINAL CANOPY COVER) and were still grazed (FOREST REGROWTH=0) (Table 4) . Beetles associated with fruiting bodies of saproxylic fungi were the only group that showed a slight tendency to positive correlation with FOREST REGROWTH. Frequency of presence increased signi®cantly with ORIGINAL CANOPY COVER for one species and decreased for four species. Furthermore, frequency of presence was lower in plots with FOREST REGROWTH for 10 species, whereas it was higher for one (Table 3) .
There was no assemblage of species associated with originally shadier forest. One single species Ð Hypebaeus¯avipes Ð had greater frequency of occurrence in stands with higher original canopy cover. This seemed to be due to its preference for thinner trunks, as the species in the analysis at the per tree level was associated with thinner trunks and an open surrounding (Table 3) .
STAND SIZE was positively correlated with ORIGI-NAL CANOPY COVER (P=0.007) so an analysis of covariance was made between the number of species per plot in relation to STAND SIZE, ORIGINAL CANOPY COVER and FOREST REGROWTH. Since no signi®cant eect was found we were satis®ed that species richness was not aected by the number of large hollow oaks around our sample plots. 
Tree eects: trunk diameter and surrounding cover
Low SURROUNDING COVER and large TRUNK DIAMETER were similar in importance for the frequency of occurrence of species (Tables 3 and 5 ). Species predominantly occurring in originally more open stands were aected both by surrounding cover and trunk diameter; of the four species signi®cantly preferring originally low canopy cover, one preferred sunexposed trees and three preferred large girths (Table 3) . Free-standing trees sustained higher species richness than trees situated in half-open or shaded conditions, whereas the dierence between the two latter categories was small. Species richness was lower especially for trees with the thinnest trunks, whereas the dierence was smaller between trees of intermediate and large girths (Table 6 ).
Beetles associated with hollows and fruiting bodies of saproxylic fungi obtained the strongest positive correlation with large girths, but beetles in all microhabitats showed this trend. In general, red-listed species showed the same trends in their occurrence patterns as other species (Tables 4 and 6 ).
Discussion
Characteristics on plot and tree level
Grazed stands contained more saproxylic beetle species (Tables 3 and 4) , probably because increased sun exposure makes the microclimate warmer. In grazed land, the habitat is more open not just because of grazing itself, but also because shrubs and young trees are a Column 1 gives mean number of trees per plot with species present (®ve trees sampled in each plot). Columns 2 and 3 give analysis of covariance between this mean number and FOREST REGROWTH using ORIGINAL CANOPY COVER as covariate: A=coecient of covariate, B=dif-ference in mean number of trees in plots grazed and ungrazed (n=18 plots). Columns 4 and 5 give coecients from multiple logistic regression between presence and absence of species and (C) SURROUNDING COVER and (D) TRUNK DIAMETER (n=90 trees). See Section 2.3. *, P<0.05; **, P<0.01; ***, P<0.001. Table 4 Analysis of covariance between number of species occurrences of saproxylic beetles and (1) cut to increase grass growth. The group of beetles that were most negatively aected by forest regrowth, were those associated with animal nests (Table 4 ). This suggests that the preference for sun exposure for some species could also be because bird nests in tree hollows are more frequent in open areas. Due to better food availability for birds in open habitats, birds occupy a higher proportion of hollows near agricultural land than inside forests (Johnsson et al., 1993) . Beetles associated with fruiting bodies of saproxylic fungi (group 4) prefer trees with large girths and a surrounding with a dense canopy cover (Table 5) . One explanation could be that such trunks bene®t saproxylic fungi by maintaining better moisture conditions, whereas another possibility is that such trees provide more entries able for the fungi to colonize. Both these conditions are important for the colonization of saproxylic fungi (Rayner and Boddy, 1988) . The girths of the trunks are not aected by forest regrowth in the last few decades, but the trunks are thinner in originally shadier forests. Therefore, large oaks subject to forest regrowth might be the most suitable for beetles associated with fruiting bodies of saproxylic fungi.
The preference for sun-exposed oaks has been considered by several Swedish entomologists (Palm, 1959; GaÈ rdenfors and Baranowski, 1992; Jonsell et al., 1998) and is currently studied in Britain (Alexander, 1999; Lott, 1999) but most European studies on saproxylic beetles do not discuss any such preference (e.g. Dajoz, 1980; Harding and Rose, 1986; Speight, 1989; Hyman, 1992) . Among the Swedish studies, only Palm (1959) records the habitat preference for single species and allows comparisons with the present study. The proportion of species preferring sun exposure and shade according to Palm (1959) is consistent with the present study, but his conclusions regarding individual species is partly contradictory with ours (Table 7) . He studied more tree species in a broader climatic range, which may explain the dierences in habitat preference compared to our study. It is impossible to look closer at this result, however, because he did not include quantitative data in his report. Studies on single species that include quantitative estimates are in better agreement with the present study (Osmoderma eremita: Ranius and Nilsson, 1997; Grynocharis oblonga: Nilsson, 1997b ). Consequently, conclusions about habitat preferences must be based on quantitative analysis of data, not simply observations, so that the generality of the conclusions can be determined and further tested. Only then will we gain ®rm knowledge of the habitat characteristics favoured by saproxylic beetles.
It is possible that the occurrence of some species are weakly correlated with the studied variables of sun exposure, that are aected by management, but still the species prefer a warm microclimate. A study on Osmoderma eremita showed that the frequency of occurrence is higher in hollows with the entrance facing south or west (Ranius and Nilsson, 1997) . The orientation of the entrance is also a characteristic that aects sun exposure and microclimate (Kelner-Pillault, 1974) , although the association between occurrence of O. eremita and canopy cover was rather weak in that study, as well as the present study.
As the activity of beetles generally increases with increased temperature (e.g. Chiverton, 1988; Lu, 1982) , catchability might be higher in sun-exposed trees. However, this study was performed in a summer with warmer weather than average, and therefore we think it was warm enough for all species to be catchable this year, even in trees with a cooler microclimate.
The study area is situated near the northern distribution limit for many of the studied species, and the climate is cooler there than in the centre of their distribution range in Europe. According to Martin (1989) , beetles living in hollow trees prefer sun-exposed trees when near the northern limits of their distribution, but further south they occupy shadier habitats as well. Studies on butter¯ies in Britain and France have shown that in the cooler climate of Britain, butter¯ies are con®ned to habitats with warmer microclimates than in France (Thomas, 1993) . Thus, the species in this study might be less strongly associated with open habitats further south in Europe, but we know of no relevant studies.
Presently, some saproxylic beetles are con®ned to large free-standing oaks, which are a mainly man-made habitat. How could these species exist before man began managing the landscape? One explanation could be that the beetles were capable of occupying cooler microhabitats in the past because of warmer climates in general, in congruence with Thomas' (1993) hypothesis regarding thermophilous butter¯ies in Britain. Beetles associated with old oaks probably increased their range and reached their highest abundances in Scandinavia in the mid Holocene (8000±4000 B.P.) because broadleaf deciduous forests was much more extensive then than today (Huntley, 1988) . As it was a few degrees warmer in the summer at that time than today (Huntley and Prentice, 1988) , saproxylic beetles might were able to live even in dense forests then. Possibly, when the climate cooled, some species were able to sustain themselves exclusively in habitats with warmer microclimate created by man. It is also possible, however, that the species are originally adapted to warmer microhabitats which occurred even in primary woodlands (Warren and Key, 1991) . Sun-exposed sites occur naturally in precipices (Ek et al., 1995) , along rivers and sea-shores. Large glades could also be a result of grazing by large herbivores (Owen-Smith, 1987) and catastrophic events (Warren and Key, 1991) .
Beetles may prefer larger trunks because the larger the girth, the more stable the microclimate. Alternatively the stage of decay of a trunk may in¯uence its suitability. When a hollow tree ages, the trunk diameter increases, but other characteristics of the tree also change, for example, the entrance size and volume of the hollow increase (Kelner-Pillault, 1974) . This study suggests that most species prefer trees of intermediate or late stages of the successional decay of living, hollow trunks. 
Shade
Allecula morio a Preferences according to this study are achieved from the statistical signi®cant relations with SURROUNDING COVER. All species studied speci®cally in the present study are potentially included, except Cryptophagus micaceus, as it was not studied by Palm (1959) . Species indierent in both studies are excluded.
Conclusions for nature conservation
Plantations and natural regeneration of formerly open pasture woodlands cause existing old trees to die prematurely because of shading and competition for soil moisture and nutrients (Key and Ball, 1993; Alexander et al., 1996) . We found that some saproxylic beetle species are also harmed by forest regrowth. There is a tendency for red-listed species to be more negatively aected by cessation of grazing than other beetle species (Table 4) . Thus, to preserve the rarer saproxylic beetle fauna it is important to continue the management of areas with old oaks. This study shows that even where management has been abandoned in the last few decades most species still occur, albeit many of them in lower abundance. This is partly because the sites are heterogenous, and therefore some oaks remain sunexposed for a few decades even without management. Such sites should be restored, to delay the deaths of the trees and decrease risk of extinction of endangered beetle species.
Restoration of regrown sites should include cutting of shrubs and young trees and resumption of grazing. The cutting should be done with care, as dramatic changes of the microclimate could lead to death of the oaks (Alexander et al., 1996) . Another problem is that Formica spp. often colonize hollow oaks if the surrounding canopy cover suddenly decrease (own obs.). We do not know the consequences of the presence of these ants, but there is circumstantial evidence that suggests they have a great impact as predators on forest invertebrates, including saproxylic beetles (GoÈ sswald, 1990) . If grazing has been abandoned for several decades, young trees should be cut in the immediate surrounding of the old trees, but usually not in other parts of the site. On the other hand, in sites where grazing has ceased more recently, a complete restoration including cutting of most shrubs and young trees could be done in one step. When the forest regrowth is in intermediate successional stages, fast-growing tree species (in our study plots ash (Fraxinus excelsior), aspen (Populus tremula) and birch (Betula verrucosa)) should be removed ®rst, as these are the worst competitors for the old oaks. In many other sites in Sweden, the old oaks are surrounded by planted Norway spruce (Picea abies), and these must also be cut down. Slow-growing tree species (like younger oaks) could be removed later or be saved. It is usually not appropriate to cut down mature oaks, as it is desirable to have many oaks which can take over the role as hollow trees in the future.
At many sites the number of hollow oaks are very small and there are gaps in the generation structure (Britain: Key and Ball, 1993 ; Sweden: own obs., e.g. Jansson and Tingvall, 1998) . In small stands, the number of old trees needs to increase if the beetle fauna is to be sustained in the long run, as stand size (Ranius, 2000) and historical continuity (Nilsson and Baranowski, 1997) have been found to be important factors for the occurrence of some rare saproxylic beetles associated with tree hollows. Where there are problems with age gaps, decay could be initiated prematurely, by injuring younger trees. For example chain-saws or explosives could be used to produce shattered trunks or branch stumps which could initiate the formation of trunk hollows (Key and Ball, 1993; Alexander et al., 1996) . The eects of such a treatment might be similar to that of the traditional use of oaks. There are Swedish documents from the 18th century indicating that rot holes commonly arose in oaks when branches were cut down (Eliasson and Nilsson, 2000) .
There are a few species that tend to increase when management ceases, mostly species associated with fruiting bodies of saproxylic fungi. Even in a grazed pasture woodland, however, there are often denser patches which make survival possible even for these species. Moreover, among the species of the present study, those associated with fruiting bodies of saproxylic fungi have fewer species on the red list compared to other groups of saproxylic beetles (Table 2) .
